Mono-, di-, and trilinoleoyl glycerols were diluted with 1-undecanol or hexadecane to produce specific concentrations, and their oxidation processes were measured at 65 C at 12% relative humidity. The rate constants for oxidation of the linoleoyl residue were proportional to the concentration for all substrates. This fact suggests that no intramolecular radical chain reaction between the linoleoyl residues occurred.
Lipids usually exist as triacyl glycerols with fatty acids of various carbon numbers and different degrees of unsaturation. Their oxidation, which causes deterioration of foods that contain them, is affected by certain factors, such as its fatty acid composition, existence of tocopherols, contamination by metal ions, and exposure to light.
1) The oxidation of lipids even in a single component system is a complicated process. Because this process usually includes initiation, propagation, and termination steps, its kinetics has also been studied for each step. 2, 3) Ö zilgen and Ö zilgen 4) reported that the autocatalytic-type expression, a very simple equation, well describes the entire oxidation process of lipids. We also showed that the expression is applicable to the oxidation processes of fatty acids and their alkyl and glycerol esters. 5, 6) As mentioned above, the lipid oxidation proceeds through a propagation step in which a free radical chain reaction occurs. The chain reaction proceeds by the intermolecular interaction of activated and unmodified unsaturated residues for molecules having an unsaturated acyl chain, such as free unsaturated fatty acids, their alkyl esters, and their monoacyl glycerols. On the other hand, there is the possibility, for di-and triacyl glycerols, that the intramolecular interaction participates in the chain reaction as well as the intermolecular interaction. Our concern in this study was whether a chain reaction occurs between the intramolecular unsaturated acyl residues. The rate of the chain reaction between the intermolecular residues depends on the concentration of the residue, while the rate of reaction between the intramolecular residues appears to be independent of the concentration. Therefore, the answer can be determined by measuring the oxidation processes of acyl glycerols with different numbers of unsaturated residues at various concentrations.
Hence we measured the oxidation processes of the mono-, di-, and trilinoleoyl glycerols at various concentrations. The processes were analyzed based on the autocatalytic-type expression in order to estimate the rate constant for oxidation of the linoleoyl residue.
The 1-mono-(purity: > 99%), 1,3-di-(> 95%), trilinoleoyl (> 99%) glycerols, and 1-monododecanoyl (> 99%) and trioctanoyl (> 99%) glycerols were purchased from Sigma (St. Louis, MO). Methyl palmitate (> 95%), which was used as the internal standard for gas chromatographic determination of the unoxidized linoleoyl residue, was purchased from Tokyo Kasei (Tokyo). All other chemicals were obtained from either Wako Pure Chemical Industries (Osaka, Japan), or Nacalai Tesque (Kyoto, Japan), and were of analytical grade.
1-Monolinoleoyl glycerol was diluted with 1-undecanol to produce specific concentrations. Although the vapor pressure of undecanol at 65 C was low, its evaporation during the oxidation experiment could not be ignored, and the concentration of 1-monolinoleoyl glycerol increased. In order to maintain the concentration of 1-monolinoleoyl glycerol at a constant level during the experiment, a mixture of 1-monolinoleoyl and 1-undecanol was placed in a small vial, and this vial was then placed in a large vial that contained a mixture of 1-monododecanoyl glycerol and 1-undecanol. The inside of the cap of the large vial was sealed with aluminum foil to prevent adsorption of the substrate and diluent gases on the inside. The volume ratio of 1-monododecanoyl glycerol to 1-undecanol in the mixture was found for each substrate solution in order to maintain the concentration of 1-monolinoleoyl glycerol in the small vial for at least 24 h.
Trilinoleoyl glycerol was diluted with hexadecane. Evaporation of hexadecane also occurred during the oxidation experiment. Hence the concentration of trilinoleoyl glycerol was maintained at a specific value during the experiment by methods similar for 1-monolinoleoyl glycerol except that a mixture of trioctanoyl glycerol and hexadecane was placed in the large vial. The 1,3-dilinoleoyl glycerol was diluted with either 1-undecanol or hexadecane to produce specific concentrations. The required concentration was maintained by the methods described above.
The oxidation of the undiluted substrate was measured as follows: the 1-mono-, 1,3-di-or trilinoleoyl glycerol was dissolved in methanol at a concentration of 0.6 mg/ml. A portion (500 ml) of the solution was then pippetted into a small amber vial (15 mm Â 45 mm). The methanol was evaporated under reduced pressure. The vial was placed in a large vial (40 mm Â 75 mm), in which the relative humidity was held to 12% with a saturated solution of lithium chloride. Fifteen to 20 vials were prepared for each sample. The vials were stored in the dark at 65 C. At appropriate intervals, a vial was removed and the amount of unoxidized linoleoyl residue was determined by gas chromotography after conversion to methyl ester. 7) The chromatograph was a Shimadzu GC-14BPF with a DB1 capillary column (0.32 mm ID Â 30 m, Agilent Technologies, Palo Alto, CA) equipped with a hydrogen flame-ionization detector. The analytical conditions were column, injection, and detector temperatures of 220 C, 250 C, and 270 C respectively, with N 2 and He as the make-up and carrier gases at 23.5 and 3.0 ml/min, respectively. Methyl palmitate was used as the internal standard in this analysis.
The 1-mono-, 1,3-di-, or trilinoleoyl glycerol was mixed with 1-undecanol or hexadecane at various ratios. The mixture was dissolved in methanol at a concentration of 0.6 mg/ml, and was placed in a small amber vial by the same procedure as for the undiluted substrate. The small vial was placed in the larger vial with the mixture of 1-monododecanoyl glycerol and 1-undecanol or trioctanoyl glycerol and hexadecane. The relative humidity in the larger vial was held to 12% with saturated lithium chloride, which was placed in another small vial. The oxidation of the 1-mono-, 1,3-di-, or trilinoleoyl glycerol was measured under the same conditions and by the same methods as for the undiluted substrate. Figure 1a shows the oxidation processes for monolinoleoyl glycerol of different concentrations at 65 C at 12% relative humidity. Linoleoyl glycerol was diluted with 1-undecanol to produce the specified concentration, and its oxidation was measured. Oxidation proceeded more slowly at lower concentrations. Similar phenomena were observed for the oxidation of linoleic acid and methyl linoleate diluted with the saturated fatty acid or its methyl ester. 8) The oxidation process could be expressed by an autocatalytic-type expression 4, 5) as well as that of the monolinoeoyl glycerol mixed with oleoyl or lauroyl acylglycerol:
where Y is the fraction of the unoxidized substrate, t is the time, and k is the rate constant. Integration of eq. (1) under the condition of
where Y 0 is a parameter reflecting the initial state of the substrate. The applicability of the equation for the oxidation of monolinoleoyl glycerol mixed with 1-undecanol was examined by plotting ln½ð1 À YÞ=Y versus t (Fig. 1b) . The plotted line was a straight line in all cases, indicating that the kinetic expression was applicable to the oxidation process. The parameters, k and Y 0 , were evaluated from the slope and intercept a, Transient change in fraction of unoxidized linoleoyl residue. The concentrations of monolinoleoyl glycerol were ( ) 25% (w/w), ( ) 50%, ( ) 75%, ( ) 90%, and ( ) 100%. Monolinoleoyl glycerol was diluted with 1-undecanol to produce the specified concentrations. The curves were calculated using the estimated values of k and Y 0 for the processes. b, Applicability of rate expression of autocatalytic type to the oxidation processes in (a). The symbols are the same as in (a).
respectively of each line. The solid curves in Fig. 1a were calculated by the estimated parameters.
1,3-Dilinoleoyl glycerol was diluted with either 1-undecanol or hexadecane, and the oxidation process was measured under the same conditions as for monolinoleoyl glycerol (Fig. 2a) . The oxidation process also obeyed the autocatalytic-type expression, and the solid curves in the figure were drawn using the estimated k and Y 0 values.
Trilinoleoyl glycerol was mixed with hexadecane to produce various trilinoleoyl glycerol concentrations, and the oxidation process was measured under the same conditions as for mono-and dilauroyl glycerols. Figure 2b shows the oxidation processes, which could also be expressed by the autocatalytic-type, as shown by the solid curves at any concentration.
The rate constant k was estimated for the oxidation of mono-, di-and trilinoleoyl glycerols at various concentrations. The k values are plotted versus the concentrations in Fig. 3 . For calculation of the concentrations, it was assumed that the additivity in volume of linoleoyl glycerol and 1-undecanol or hexadecane held, and that the densities of the mono-, di-, and trilinoleoyl glycerols, undecanol, and hexadecane at 65 C were 0.94, 0.91, 0.89, 0.83, and 0.74 g/cm 3 respectively. The plots for all the mono-, di-, and trilinoleoyl glycerols lie on a line passing through the origin. There was no effect of diluent type on the oxidation of dilinoleoyl glycerol. We have reported that the k value was proportional to the concentration of the substrate to be oxidized for the oxidation of an unsaturated fatty acid mixed with a saturated fatty acid, based on the assumption that the saturated fatty acid simply acted as a diluent. 8) The fact that all the plots lie on a line indicates that the linoleoyl residue for all the linoleoyl glycerols behaves independently, and that no intramolecular chain oxidation of linoleoyl residues occurs for di-or trilinoleoyl glycerols. Glycerols at 65 C at 12% Relative Humidity. The concentrations of dilinoleoyl glycerol were ( ) 10% (w/w), ( ) 25%, ( ) 35%, ( ) 50%, ( ) 75%, ( ) 90%, and ( ) 100%. Dilinoleoyl glycerols of 25%, 50%, and 75% were prepared using hexadecane as the diluent, while the others were diluted with 1-undecanol. The concentrations of trilinoleoyl glycerol were ( ) 24% (w/w), ( ) 49%, ( ) 71%, and ( ) 100%. Trilinoleoyl glycerol was diluted with hexadecane to produce the specified concentrations. The curves were calculated using the estimated values of k and Y 0 for the processes. Open and closed symbols indicate that the lipid was diluted with 1-undecanol and hexadecane respectively.
